The study of plasma-wall interactions is of primary importance in present fusion devices. Measurements of incident fuel and impurity fluxes, retention and release of fuel atoms, and erosion of internal components are of particular interest. Accelerators in the megaelectronvolt range are being used both to measure the depth profile of fuel atoms implanted in samples placed in the plasma edge by use of nuclear reactions and to measure impurities and film thicknesses by use of elastic scattering reactions. Secondary ion mass spectrometry (SIMS) is used to determine flux and energy distributions of fuel atoms and to measure species composition and impurities in the beams of high power neutral beam injectors. Recent results obtained with these techniques are presented and areas of future study are discussed.
Introduction
We review the use of accelerators in the diagnosis of high temperature plasmas and neutral beam injectors. In plasma devices, important areas of study include fueling, erosion of the wall and internal components and the resulting introduction of impurities, and the measurement of plasma parameters. For neutral beams, measurements of the beam species mix and beam impurities are important. The use of both low energy (kiloelectronvolt) and high energy (megaelectronvolt) accelerators has contributed significantly to the understanding of these topics. (Other significant uses of accelerators that we do not discuss here include measurements of sputtering and reflection coefficients, hydrogen and helium release and retention, and ion-induced desorption.)
Existing plasma devices serve as experimental tools in the approach to fusion power and use hydrogen and deuterium as fuel. Future devices will use deuterium and tritium as fuels (although other fuels have been considered'). Two machines currently under construction, the Joint European Torus (JET) and the Tokamak Fusion Test Reactor (TFTR), are transitional in nature; they will start operation with hydrogen and deuterium and will use tritium during later stages of operation.
In the United States, the primary approaches to fusion are the tokamak2 and the tandem mirror3 concepts; alternative approaches are the stellarator,4 the bumpy torus,5 and the reverse field pinch. 6 The usual fueling procedure for neutral-beam-heated plasmas is to use deuterium as the fill gas in the device and hydrogen as the fuel in the neutral beam injectors to minimize the level of neutrons produced by d-d reactions. The experiments discussed here for plasma devices are taken mainly from tokamak studies, although the techniques used are generally applicable to other devices.
Accelerator Techniques
All of the techniques discussed involve exposing samples to the plasma or neutral beam and then analyzing the species implanted in the sample for elemental isotope or mass and its depth distribution in the sample. Elastic backscattering and nuclear reaction analysis are performed with megaelectronvolt beams and SIMS with kiloelectronvolt beams. The technique used depends on the atomic number or mass and its expected concentration and depth distribution. The implanted species vary in atomic number from Z = I up to Z= 79.
The sample material is usually silicon, carbon, or beryllium.
All three materials have relatively low atomic numbers and can be obtained in relatively pure form. Typical purity levels are 99.999% for silicon, 99.999% for carbon, and 99.3% for beryllium. Typical impurities are: for silicon, oxygen (10-5); for carbon, hydrogen (10-4), oxygen (10-), nitrogen , and iron (10-5); and for beryllium, oxygen (10-2), carbon (10-4), iron , and calcium .
Elastic backscattering analysis7 is appropriate for measuring low levels of impurities when the atomic mass of the impurity is greater than the atomic mass of the exposure sample. It is not well suited for the study of hydrogen or its isotopes. Nuclear reaction analysis8 is well suited for measuring some specific isotopes (e.g., H, D, T, He3, C, N, and 0). SIMS analysis9 can measure the mass of the implanted species but does not distinguish between particles with the same mass (e.g., T and He3). However, it does have a large dynamic range, excellent depth resolution, and for many elements a very high sensitivity.
Study of Plasma Parameters 3.1 Model
Probably the two most important plasma parameters that are amenable to measurement with accelerators are edge flux and temperature. A proposed model for low energy hydrogen isotope trapping in carbon and amorphous silicon describes depth profiles for various angular and energy distributions and includes the effects of reflection and saturation.'0 This model is used to analyze the experimental studies of the plasma edge and, for low incident fluences (few X 1016 cm-2), allows the determination of both the energy distribution and the incident fluence. For higher fluences (greater than 1017 cm-2), the energy can be determined if a distribution for both energy and angle is assumed. This model is explained in detail and predictions for depth profiles in carbon are given. Figure 1 shows the depth profiles for normally incident monoenergetic beams with energies of 100, 300, 500, and 1000 eV. The incident flux was 101' cm-2. Range and straggling effects are easily discernible. In Fig. 2 , saturation effects are shown for an implant energy of 500 eV. Saturation is seen to occur at a concentration of about 3.5 X 1022 cm-3 and is independent of incident energy.
The saturation level in amorphous silicon is 1.55 X 1022 cm-3. The model has been tested experimentally for limited ranges of incident energy and angle of incidence." The agreement is quite satisfactory for energies > 300 eV (±5%), but somewhat larger differences are observed for energies < 300 eV (±20%). 
where Te is the electron temperature. Acceleration across a sheath tends to move the angular distribution toward normal incidence. Results for normally incident, Maxwellian-distributed deuterons on carbon are shown in Fig. 3 for various temperatures at a flux of 1015 cm-2. The nearly linear tail is due to the Maxwellian exponential. The fluxes of hydrogen particles in the plasma edge usually range from 1017 to 1019 cm-2s-, with an e-folding distance of a few centimeters. For time-resolved measurements where the exposure times are on the order of 10 ms, saturation effects are minimal, but for time-integrated exposures and for time-resolved exposures that are repeated for many discharges, saturation effects must be accounted for. Figure 4 shows the results of the model'°f or deuterons trapped in carbon versus fluence for a normally incident Maxwellian distribution at temperatures T = 20-500 eV. Figure 5 shows results for the same conditions except for a cosine distribution.
[The calculated results shown in Fig. 5 (Fig. 4) and the cosine distribution (Fig. 5 ). Since the trapped amount increases only gradually with increasing incident fluence, the temperature of the distribution can be determined if the incident fluence is roughly known.
Experimental results
Measurement of hydrogen and deuterium fluxes and energy in the plasma edge. Several (ISX-B) . Figure 6 shows the trapped deuterium measured as a function of radial position behind the limiter for both ohmically (Fig. 7) . A substantial increase in the deuterium leaving the plasma is seen during the application of neutral beam heating at 80 ms. Figure 8 shows the plasma density and gas puff rate (top), the magnetohydrodynamic (MHD) activity (center), and the impurity deposition rate (bottom). The results of many studies in tokamaks indicate the following conclusions concerning the loss of fuel from the plasma and its subsequent interaction with the wall. * Fuel is preferentially lost during periods of poor confinement (e.g., during large-scale magnetic fluctuations, usually at the beginning and end of the discharge, after gas puffing, and after neutral beam injection is initiated). Measurements of impurity fluxes in the plasma edge. Most measurements of impurities involve elastic backscattering as the analysis procedure. A significant rise in the impurity deposition is usually observed during the initiation of the discharge, during neutral beam injection, and during termination of the discharge, as demonstrated by Figs. 8 and 9. As shown in Fig. 8 , the major impurity observed in the ISX-B tokamak is oxygen; other significant impurities are metallic and come from sputtering of the stainless steel wall (iron and chromium) and the TiC limiter coating (titanium).'9 Figure 9 shows the temporal behavior of oxygen and iron for ohmically heated discharges. The largest increases in the impurity levels are observed during discharge initiation and termination. 19 Other tokamaks show the same type of behavior. If care is taken during the rundown phase of the discharge, MHD activity can be substantially reduced and a concomitant decrease in the impurity level is observed. Figure 10 shows the spatial dependence in the ASDEX tokamak of the impurities oxygen and iron and of the deuterium fuel.20 In the figure, 'a" denotes results obtained during the initiation phase, "e," during the plateau phase; "NI" denotes neutral beam injection. The results are for single null divertor discharges, and the various limiter positions are shown as KL and SL.
Study of Neutral Beam Parameters
Neutral beams are used to heat the plasmas of both tokamaks and mirror devices. Fig. 12 shows the effects of straggling Other methods have been used to estimate the fuel species distribution emanating from the source and from this the neutral beam energy fraction. While the estimates of the ion source distribution have been reasonably correct, estimation of the neutral beam fraction has been difficult and the results in many cases wrong. The method discussed here provides the only absolute measurement of the beam that does not produce any changes in charge or direction during the analysis. The various methods used to estimate the neutral beam energy fraction have been compared,28 and the results show that when uncertainties in the other techniques are accounted for, their results tend to be in agreement with the results from SIMS analysis.
Conclusion
The use of accelerators to analyze samples exposed to high temperature plasmas and neutral beams has contributed significantly to the understanding of and advancement toward fusion reactors. Future studies will most likely involve strong collaborations with plasma physicists and diagnosticians. Important areas of study amenable to analysis with accelerators are the erosion of components and redeposition of eroded material and the loss of confinement during auxiliary heating (e.g., with rf and high power neutral beams).
